This is peer-reviwed version of the following article: Božinović, N.; Šegan, S.; Vojnovic, S.; Pavic, A.; Šolaja, B. A.; Nikodinovic-Runic, J.; Opsenica, I. M. Synthesis and Anti-Candida Activity of Novel Benzothiepino[3,2-c]Pyridine Derivatives. Abstract A novel series of thiepine derivatives were synthesized and evaluated as potential antimicrobials. All the synthesized compounds were evaluated for their antimicrobial activities in vitro against the fungi Candida albicans (ATCC 10231), C. parapsilosis (clinical isolate), Gram-negative bacterium Pseudomonas aeruginosa (ATCC 44752), and Gram-positive bacterium Staphylococcus aureus (ATCC 25923). Synthesized compounds showed higher antifungal activity than antibacterial activity indicating that they could be used as selective antimicrobials. Selected thiepines efficiently inhibited Candida hyphe formation, a trait necessary for their pathogenicity. Thiepine 8phenyl[1]benzothiepino[3,2-c]pyridine (16) efficiently killed Candida albicans at 15.6 µg/mL and showed no embryotoxicity at 75 µg/mL. Derivative 8-[4-(4,5-dihydro-1H-imidazol-2yl)phenyl][1]benzothiepino[3,2-c]pyridine (23) caused significant hemolysis and in vitro DNA interaction. The position of the phenyl ring was essential for the antifungal activity, while the electronic effects of the substituents did not significantly influence activity. Results obtained from invivo embryotoxicity on zebrafish (Danio rerio) encourage further structure optimizations.
Introduction
Notable biological activities have been described for the members of the dibenzo[b,f]thiepine series (1) . Zotepine 1 (Figure 1 ) is a thiepine antipsychotic drug that has been used in clinical practice for the treatment of schizophrenia for several decades (2) . The results published recently have shown that dibenzo[b,f]thiepines and pyridobenzothiepines exhibit anticancer (3) and antifungal activity (4) . These results strongly support that thiepines are an important class of biologically active heterocyclic molecules.
Having transitioned from a rare incidence to an everyday problem, invasive fungal infections are a rapidly increasing global threat to human health. In the developed world, fungal infections predominantly occur in the context of increasingly aggressive immunosuppressive therapies.
Invasive candidiasis is the fourth most common bloodstream infection (surpassing many bacterial pathogens) in the United States and the statistics are similar for Europe (5) . Candida species now account up to 9% of all bloodstream infections with mortality rates remaining disturbingly high at 40%, despite the advent of new diagnostic and therapeutic strategies (6) . More than 17 different Candida species are known to be etiological agents of human infection, however, more than 90% of invasive infections are caused by C. albicans, C. glabrata, C. parapsilosis and C. krusei (7) . The expanding population of immune-compromised patients that use intravenous catheters, total
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This article is protected by copyright. All rights reserved. Different approaches have been used for the synthesis of the thiepine derivatives, (1, 8, 9, 10, 11) including the two that involve palladium-catalyzed reactions as a ring-closing step. Nielsen and the coworkers published the protocol with the Mizoroki-Heck cyclisation of the corresponding diaryl (thio)ethers as a final step (12) . In our previous work we described the ring closure using the double palladium-catalyzed S-arylation of the ortho-halogen-substituted Z-stilbenes (13) . The described methodology for the C-S bond formation and the previously synthesized thiepines 2-5 are shown in Scheme 1. Scheme 1. Reagents and conditions: (i) Pd(OAc) 2 , dppf, KSAc, NaOt-Bu, PhMe, 175 °C, μW.
In the preliminary disc-diffusion assay have shown that initial benzothiepino [3,2-c] pyridines had weak antibacterial activity and better antifungal activity (4) . Encouraged by these results, we synthesized a series of novel benzothiepino [3,2-c] pyridine derivatives, and for all new thiepines, and previously synthesized derivatives we evaluated their antimicrobial potential in detail, as well as toxicity in vertebrate model organism (Danio rerio). All tested compounds have exhibited higher
This article is protected by copyright. All rights reserved.
antifungal than antibacterial activity. Some of the synthesized compounds efficiently inhibited the growth of C. parapsilosis that showed resistance to common antifungal drugs. In-vivo embryotoxicity on zebrafish (Danio rerio) showed improved toxicity profile of the three most active derivatives in comparison to that of voriconazole.
Experimental Section
Melting points were determined on a Boetius PMHK apparatus and were not corrected. IR spectra were recorded on a Thermo-Scientific Nicolet 6700 FT-IR Diamond Crystal. NMR: 1 H and 13 C NMR spectra were recorded on a Bruker Ultrashield Advance III spectrometer (at 500 and 125 MHz, The synthesis of compounds 2, 3, 4, 5, and 16 were previously described (4, 13) .
10,11-dibromo-10,11-dihydro[1]benzothiepino[3,2-c]pyridine (6)
A solution of Br 2 in carbon tetrachloride (0.2 mL, 1.1 eq, 0.1 M) was added to the solution of alkene 3 (4.2 mg, 0.020 mmol) in carbon tetrachloride (0.1 mL). After stirring at room temperature for 16 hours, the reaction mixture was washed with saturated aqueous Na 2 S 2 O 3 and water, dried over 13 
11-bromo[1]benzothiepino[3,2-c]pyridine (7) and 10-bromo[1]benzothiepino[3,2-c]pyridine (8)
In an oven-dried flask, vicinal dibromide 6 (61.0 mg, 0.164 mmol) was disolved in tert-butyl alcohol (2.2 mL) and potassium tert-butoxide (22.1 mg, 0.197 mmol, 1.2 equiv.) was added. After heating under reflux for 2 h, reaction mixture was poured onto ice and concentrated in vacuum. Water and diethyl ether were added, and the ether phase was separated and washed with saturated aqueous Na 2 S 2 O 3 solution. The organic extract was dried over Na 2 SO 4 , concentrated in vacuum and purified by preparative column chromatography (SiO 2 , hexane/EtOAc = 9:1) to afford the compound 7 (37.7 mg, 78%) as the colorless oil and compound 8 (5.7 mg, 12%) as the colorless oil. 
General procedure for the Suzuki reactions (with 11-bromo[1]benzothiepino[3,2-c]pyridine or 10bromo[1]benzothiepino[3,2-c]pyridine):
The reaction tube containing a stirring bar was evacuated and backfilled with Ar. The tube was charged with Pd(OAc) 2 (3 mol %), triphenylphosphine (12 mol %) and 1,2-dimethoxyethane. After stirring at room temperature for 10 min, appropriate vinyl bromide and sodium carbonate (aq, 2 M) were added and stirring was continued for 10 min. A solution of boronic acid (1.25 equiv.) in ethanol was added, the tube was capped and the reaction mixture was heated to 90 °C and stirred at the same temperature overnight. The products were purified by preparative column chromatography: 
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11-phenyl[1]benzothiepino[3,2-c]pyridine (9)
Following general procedure, a mixture of Pd(OAc) 2 (0.2 mg, 3 mol%), triphenylphosphine (0.9 mg, 12 mol %), Na 2 CO 3 (aq) (2 M, 20 μL), 11-bromo [1] benzothiepino [3,2- .42-7.28 (m, 8H). 13 
11-(4-methoxyphenyl)[1]benzothiepino[3,2-c]pyridine (10)
Following general procedure, a mixture of Pd(OAc) 2 
11-(4-fluorophenyl)[1]benzothiepino[3,2-c]pyridine (11)
Following general procedure, a mixture of Pd(OAc) 2 (0.5 mg, 3 mol%), triphenylphosphine (2. 
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This article is protected by copyright. All rights reserved. The compound was > 95% pure based on HPLC purity analysis.
4-[1]benzothiepino[3,2-c]pyridin-11-ylbenzonitrile (12)
Following general procedure, a mixture of Pd(OAc) 2 (0.9 mg, 3 mol%), triphenylphosphine (4.4 mg, 12 mol %), Na 2 CO 3 (aq) (2 M, 120 μL), 11-bromo [1] 
11-pyridin-4-yl[1]benzothiepino[3,2-c]pyridine (13)
10-phenyl[1]benzothiepino[3,2-c]pyridine (14)
Following general procedure, a mixture of Pd(OAc) 2 (0.5 mg, 3 mol%), triphenylphosphine (2.2 mg, 12 mol %), Na 2 CO 3 (aq) (2 M, 50 μL), 10-bromo [1] 
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10-(4-methoxyphenyl)[1]benzothiepino[3,2-c]pyridine (15)
Following general procedure, a mixture of Pd(OAc) 2 (0.5 mg, 3 mol%), triphenylphosphine (2.2 mg, 12 mol %), Na 2 CO 3 (aq) (2 M, 50 μL), 10-bromo [1] benzothiepino [3,2- 
General procedure for Suzuki reactions (with 8-chloro[1]benzothiepino[3,2-c]pyridine):
The reaction tube containing a stirring bar was evacuated and backfilled with Ar. The tube was charged with Pd(OAc) 2 (5 mol %), SPhos (10 mol %), boronic acid (1.2 equiv.) and anhydrous K 3 PO 4 (2.0 equiv.). The tube was capped with a rubber septum and filled with argon. Dry toluene was added through the septum and the resulting mixture was stirred at room temperature for 2 min. 8-Chloro [1] benzothiepino [3,2-c] pyridine was added and the tube was sealed. The reaction mixture was heated at 100 °C overnight. The reaction mixture was allowed to cool to room temperature. The products were purified by preparative column chromatography (SiO 2 , hexane/EtOAc = 8/2).
8-(4-methoxyphenyl)[1]benzothiepino[3,2-c]pyridine (17)
4-[1]benzothiepino[3,2-c]pyridin-8-ylbenzonitrile (18)
Following general procedure, a mixture of Pd(OAc) 2 General procedure for C-S coupling:
11-(phenylthio)[1]benzothiepino[3,2-c]pyridine (19)
The reaction tube containing a stirring bar was evacuated and backfilled with Ar. The tube was charged with Pd 2 dba 3 (5.5 mg, 5 mol %), dppf (6.7 mg, 10 mol %), sodium tert-butoxide (13.9 mg, 0.145 mmol, 1.2 equiv.) and toluene (2.5 mL). The tube was evacuated and backfilled with argon.
After stirring at room temperature for 10 min, 11-bromo [1] 
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4-([1]benzothiepino[3,2-c]pyridin-11-ylthio)benzonitrile (20)
Following general procedure, a mixture of Pd 2 dba 3 (11.0 mg, 5 mol %), dppf (11.9 mg, 10 mol %), sodium tert-butoxide (28.6 mg, 0.289 mmol, 1.2 eq), 11-bromo [1] benzothiepino [3,2- General procedure for the synthesis 4,5-dihydro-1H-imidazole derivatives
11-[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl][1]benzothiepino[3,2-c]pyridine (21)
A mixture of sulfur (1.2 mg, 0.038 mmol) and 12 (12.0 mg, 0.038 mmol) was treated with ethylene diamine (0.5 mL), then irradiated with microwave at 110 °C for 80 min. The mixture was suspended in water, the phases were separated using centrifugation and the precipitate was rinsed with water (3×). The residue was then dried under vacuum, affording the product as a yellow film (12.0 mg, 88%). 1 
11-{[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl]thio}[1]benzothiepino[3,2-c]pyridine (22)
Following general procedure, a mixture of sulfur (2.0 mg, 0.064 mmol), 20 (22.0 mg, 0.064 mmol) and ethylene diamine (0.8 mL) was irradiated with microwave at 110 °C for 80 min. Yellow solid 
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8-[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl][1]benzothiepino[3,2-c]pyridine (23)
Following general procedure, a mixture of sulfur (0.8 mg, 0.025 mmol), 18 (8.5 mg, 0.025 mmol) and ethylene diamine (0.5 mL) was irradiated with microwave at 110 °C for 80 min. Yellow film (7.0 mg, 80%). 1 
Antimicrobial activity assay and microscopy
Test organisms for the antibacterial assays were obtained from the National Collection of Type 
Zebrafish embryotoxicity assay
The assessment of toxicity (lethality and teratogenicity) of selected thiepines on zebrafish embryos have been performed following general rules of the OECD Guidelines for the Testing of Chemicals 
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This article is protected by copyright. All rights reserved. Apical endopoints (Table S1) Since the isomeric products 7 and 8 could be easily separated, we proceeded with further transformations. Vinyl bromides 7 and 8 and the previously synthesized thiepine 4 were successfully coupled with a series of arylboronic acids under Suzuki cross-coupling reaction conditions (18), affording compounds 9-18 in moderate to excellent yields (Scheme 3). The compound 7 was coupled with thiophenols via the palladium catalyzed reaction, using the 1,1′bis(diphenylphosphino)ferrocene (dppf) as a ligand, as shown in the Scheme 3. All the products containing the cyano group were subjected to the reaction with ethylenediamine in the presence of sulphur to give 2-substituted 2-imidazolines 21-23 (19) . 
Antimicrobial activity
All synthesized thiepines were assessed for antimicrobial activity against two fungi (Candida albicans and clinical strain C. parapsilosis) and two bacterial strains (Pseudomonas aeruginosa and Staphylococcus aureus) by determination of minimum inhibitory concentration (MIC) using the broth dilution method in comparison with clinically used antifungals voriconazole and nystatin and antibacterial kanamycin (14) .From the MIC concentrations, it was obvious that the most synthesized
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of thiepines did not show significant antibacterial activity (MICs≥500 µg/mL), suggesting selectivity towards fungi (Table 1) . MIC values against fungal strains were between 15.62 and 250 µg/mL, with the most potent derivative being 16 (Table 1) . Thiepines 4 and 5, with chlorine and methoxysubstituent on the phenyl ring, showed better antifungal activity than corresponding unsubstituted analog 3. Interestingly, in our previous study 4 did not show significant antifungal activity in the disc diffusion assay (4), suggesting possible interaction with cellulose discs. Antifungal activity of 4 and 5
was not significantly dependent on the electronic effect of substituent. In the case of compound 16
introduction of the phenyl ring on thiepine core was beneficial for activity in comparison to 3.
Nevertheless, in the case of compounds 17 and 18 additional substituent on phenyl ring reduced the antifungal activity.
Compounds 9 and 10 showed a four-fold greater potency (MIC = 31.25 µg/mL) than unsubstituted thiepine 3 in inhibiting the growth of the C. albicans. On the other hand, thiepines 11, 12, 19 had the same activity, while pyridine analog 13 was less potent than 3. Among the isomeric thiepines 16 was 2 times more active than 9, and 16 times more potent than 14 (Table 1) . Similar difference in activity was observed for 10 and 15 analogs. Based on the obtained results it is obvious that position of the phenyl ring was essential for the antifungal activity.
It is known that 2-substituted 2-imidazolines are potent antimicrobials (20) . In the case of thiepine 21 a lower antifungal activity was observed in comparison to 9. Nevertheless, 23 showed to be potent with similar activity to 16 against C. albicans, and 8-fold greater potency than 16 in inhibiting the growth of C. parapsilosis. This is important due to the fact that C. parapsilosis spp. are often inherently resistant and are prone to acquired resistance to antifungal drugs (in this case C27 is voriconazole resistant clinical isolate). MIC concentrations determined in this study were quite comparable to MIC concentrations obtained for recently reported 1,5-benzodiazepine (21) and eugenol (22) derivatives against selection of fungal strains.
The effect of thiepines with antifungal MIC values ≤ 31.2 µg/mL on the C. albicans hyphal growth has also been evaluated on Spider medium as previously described (23) (Figure 2 ). The hyphal formation is essential for Candida spp. penetration into human cells during the initial phases of infection, as well as for biofilm formation. Therefore, compounds that could inhibit hyphal formation are sought after. The tested compounds were compared with VOR as a standard and showed variable results.
Thiepines 4 and 23 successfully prevented hyphal formation while compounds 9 and 10 showed the opposite effect, significantly stimulating hyphal formation, which we considered as a negative trait that eliminated these two derivatives from further assessments ( Figure 2 ).
This article is protected by copyright. All rights reserved. We next carried out the hemolysis assay in order to explore the potential interactions of selected thiepines with the cell membrane ( Figure 3A ) and observed the activity of 4, 16 and 23 on C. albicans cells over 5 h using fluorescent microscopy ( Figure 3B ). The sheep red blood cells and thiepines were co-incubated in buffer at physiologic pH whereby erythrocyte membrane served as a model for the lipid bilayer. The percent of red blood cell disruption was quantified relative to positive control samples lysed with a Triton X detergent as described previously (24) . Low hemolysis of up to 10% at physiologic pH (7.4) was observed using 4, 16 and VOR at determined C. albicans MIC concentrations ( Figure 3A ). This implied that membrane was not the primary target of these molecules, which has been known for VOR. On the contrary, 23 efficiently caused between 30 and 40% hemolysis comparable to that of NYS that was previously shown for antifungal polyenes including nystatin due to the ability to cause large nonselective perforations in the cell membranes (25) . This was mirrored in the microscopic study, which showed that NYS and 23 efficiently caused reduction in total cell 
This article is protected by copyright. All rights reserved. Further, we studied in vitro interaction of selected thiepines with C. albicans genomic DNA using gel electrophoresis assay (22) after prolonged incubation (12 h) of compounds (25 µg/mL) with purified DNA (Figure 4 ). Under tested conditions, thiepines did not cause DNA degradation, while significant interacalation with DNA based on lower UV-luminescence upon exposure to ethidium bromide was exhibited by 4 and 23 by 30 and 60% of the DMSO treated control, respectively ( Figure 4 ) and hence it was reasonable to attribute some of the activity of these compounds to interaction with this biomolecule. The DNA binding property of 2-imidazoline derivatives is well described in the literature (26) , and therefore our result for compound 23 is well correlated with the literature data.
In vivo embryotoxicity assessment
Zebrafish has emerged as a versatile platform for drug discovery, as findings from experiments including this organism translate more accurately into the context of human body in terms of toxicity and bioavailability simplifying the path to clinical trials and reducing the failure of potential therapeutics at later stages of testing (27). Therefore, the toxicity of the most promising thiepines (the lethality and teratogenicity; see Supporting Information Table S1 ) was evaluated. Obtained results revealed different toxicity-profiles of tested compounds, and according to LC 50 and EC 50 values they were ranked by toxicity: 23>16> 4 ( Figure 5 ; Table S2 ). Embryos exposed to 4 were developed without signs of toxicity at concentrations up to 50 µg/mL, while at 75 µg/mL only 13% of embryos were affected ( Figure 5 ). All alive embryos upon exposure to 75 µg/ml of 16 were reduced in growth and had serious skeletal deformities (lordosis, deformed tail, small head, malformed eyes) accompanied with pericardial edema, while at lower concentrations 16 exhibited very weak toxicity ( Figure 5 ). Completely lethal outcome before hatching was caused by 23 at 75 µg/mL, while lower
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concentrations of 23 caused pericardial edema and skeletal abnormalities of embryos (scoliosis, deformed eyes, head and tail tip). At 50 µg/mL, 23 prevented hatching of 58% embryos ( Figure 5 ; Table S2 ). All three thiepines exhibited desirable higher LC 50 value on zebrafish embryos in comparison to MIC against C. albicans ( Figure 5 ; Table 1 ). From this test, only 23 showed undesirable high teratogenicity with EC 50 value higher than MIC against C. albicans ( Figure 5 ; Table 1 ). In our recent study, we have shown high teratogenic effect of clinically used VOR. 22 Thus, these findings imply that selected thiepines could be further developed for the antifungal treatment. 
Conclusion
A series of thiepines was designed, synthesized and their antimicrobial properties were evaluated.
Analyzed thiepines showed higher antifungal activity than antibacterial activity. From biological activity screening it was evident that the position of the phenyl ring was essential for the antifungal
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activity. On the other hand, the electronic effects of substituents did not significantly influence activity. The most potent thiepine, 16, had an MIC of 15.6 μg/mL and showed no embryo toxicity at 75 μg/mL, providing evidence that this chemotype provides a good platform for further optimization.
Table S1. Lethal and teratogenic effects observed in zebrafish (Danio rerio) embryos at different hours post fertilization (hpf). 
